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Visuospatial attention allows us to select and act upon a subset of behaviorally relevant visual stimuli while ignoring distraction.
Bundesen’s theory of visual attention (TVA) (Bundesen, 1990) offers a quantitative analysis of the different facets of attention within a
unitarymodel and provides a powerful analytic framework for understanding individual differences in attentional functions. Visuospa-
tial attention is contingent upon large networks, distributed across both hemispheres, consisting of several cortical areas interconnected
by long-association frontoparietal pathways, including three branches of the superior longitudinal fasciculus (SLF I-III) and the inferior
fronto-occipital fasciculus (IFOF). Here we examine whether structural variability within human frontoparietal networks mediates
differences in attention abilities as assessed by the TVA. Structural measures were based on spherical deconvolution and tractography-
derived indices of tract volume and hindrance-modulated orientational anisotropy (HMOA). Individual differences in visual short-term
memory (VSTM) were linked to variability in the microstructure (HMOA) of SLF II, SLF III, and IFOF within the right hemisphere.
Moreover, VSTM and speed of information processing were linked to hemispheric lateralization within the IFOF. Differences in spatial
bias were mediated by both variability in microstructure and volume of the right SLF II. Our data indicate that the microstructural and
macrostrucutral organization of white matter pathways differentially contributes to both the anatomical lateralization of frontoparietal
attentional networks and to individual differences in attentional functions. We conclude that individual differences in VSTM capacity,
processing speed, and spatial bias, as assessed by TVA, link to variability in structural organization within frontoparietal pathways.
Keywords: diffusion tractography; frontoparietal attention networks; individual differences; theory of visual attention; visual attention;
visuospatial memory
Introduction
Within the visual scene, multiple stimuli compete for neural rep-
resentation and the allocation of processing resources. The cog-
nitive abilities collectively defined as “visual attention” allow us
to select and act upon a subset of behaviorally relevant visual
stimuli while ignoring the rest. Over the past 30 years, various
models have been proposed to account for the varied aspects of
visual attention and to model attentional limits on information
processing (Neisser, 1967; Treisman and Gelade, 1980). Among
these, Bundesen’s theory of visual attention (TVA) is one of the
few that offers a quantitative analysis of the different facets of at-
tention within a unitary framework (Bundesen, 1990; Bundesen
et al., 2005). TVA is closely related to the idea that attentional
selection operates through biasing the competition between
stimuli for the control of action (Desimone and Duncan, 1995;
Duncan et al., 1997). Behavioral performance on numerous daily
living tasks varies depending on differences in attentional abili-
ties. Although individual differences in human cognition and
behavior are widely reported and linked to variability in brain
structure and function (Rademacher et al., 2001; Boorman et al.,
2007; Sugiura et al., 2007; Roberts et al., 2010; Frost and Goebel,
2012; Mueller et al., 2013), how individual differences in atten-
tional abilities map to variability in brain architecture is poorly
understood.
Functional and structural neuroimaging studies show that vi-
sual attention is contingent upon large and distributed neuronal
networks consisting of several cortical areas subdivided into
functionally distinct dorsal and ventral components (Mesulam,
1990; Corbetta and Shulman, 2002; Szczepanski et al., 2013) in-
terconnected by long-association frontoparietal pathways, in-
cluding the superior longitudinal fasciculus (SLF) and the
inferior fronto-occipital fasciculus (IFOF) (Bartolomeo et al.,
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2007; Schmahmann et al., 2007; Doricchi et al., 2008; Thiebaut de
Schotten et al., 2011). A recent study used diffusion imaging and
tractography to reconstruct three separate branches of the SLF
(SLF I subserving the dorsal attention network, SLF II intercon-
necting the dorsal and ventral networks, and SLF III subserving
the ventral attention network) and showed that variations in SLF
II correlated with greater biases in both line bisection and in
target detection (Thiebaut de Schotten et al., 2011). The data
indicate that individual differences in attention may be causally
linked to variability within neural networks, specifically that lat-
eralization within white matter (WM) pathways predicts atten-
tional bias in behavioral performance. A recent fMRI study also
demonstrated a strong relationship between (1) variability in a
neural index of spatial bias (measured as the relative strengths of
attentional responses within frontoparietal areas within the right
hemisphere, which were calculated based on an fMRI covert at-
tention task) and (2) individual differences in spatial bias in be-
havior (calculated based on performance in a landmark task)
(Szczepanski and Kastner, 2013). However, given that line bisec-
tion and spatial bias in target detection only represent one facet of
the full spectrum of attentional abilities and underlying cognitive
mechanisms, any conclusions relating to individual differences in
attentional function remain tentative.
Here we conducted detailed analysis to assess whether struc-
tural variabilitywithin frontoparietal networks (SLF I, SLF II, SLF
III, and IFOF) mediates differences in multiple visual attention
parameters derived from theTVA: processing speed, visual short-
termmemory capacity, spatial bias, theminimum effective expo-
sure duration, and the top-down controlled selection. Measures
ofmacrostructural andmicrostructural variability within fronto-
parietal networks were based on recent methodological advances
in diffusion imaging, spherical deconvolution and tractography-
derived indices of tract volume, and hindrance-modulated ori-
entational anisotropy (Dell’Acqua et al., 2013).
Materials andMethods
Participants. A total of 48 healthy volunteers participated. We excluded
participants with a previous history of neurological or psychiatric disor-
ders and contraindications to MRI based on a semistructured interview.
All participants provided written informed consent in accordance with
protocols approved by the Oxford Research Ethics Committee. Image
artifacts were identified on one of the MRI datasets; consequently, this
participant was excluded from the study. Data from 47 participants were
entered into the analyses (18 males; mean SD age, 26.9 5.1 years).
Left-handed participants are regularly excluded from neuroscience
studies, mainly to reduce variance in the data. Although it has been
suggested that some left-handed participants have atypically lateralized
brain functions, the link between handedness and brain lateralization is
not straightforward (Bryden et al., 1983; Sommer et al., 2002; Szaflarski et
al., 2002; Flo¨el et al., 2005; Whitehouse and Bishop, 2009; Badzakova-
Trajkov et al., 2010; Cai et al., 2013; Mazoyer et al., 2014; for a recent
comprehensive review, seeWillems et al., 2014). As our study focused on
individual differences, we did not select our participants based on hand-
edness to better represent normal variation in the human population
(with10% of left-handed individuals) (Willems et al., 2014). We used
the Edinburgh Handedness Inventory (Oldfield, 1971) to assess handed-
ness in the studied group. The scale ranges from 100 (extremely
left-handed; score below40 left-handedness) to 100 (extremely right-
handed; score above 40 right-handedness) and the score between40 to
40 indicate ambidexterity. The full score based on the Edinburgh Hand-
edness Inventory was entered into the analyses. Full demographic data,
including handedness, are presented in Table 1.
Behavioral testing. TVA parameters are derived using established pro-
cedures with briefly presented, multi-item displays under conditions
when participants are asked to identify all the items (whole report, where
memory capacity can bemeasured) or/andwhen participants are cued to
report only a subset of stimuli with certain features (partial report, to
measure attentional selection) (Bundesen, 1990). Previous studies using
experimental procedures equivalent to those used in the current study (as
described below) have shown good internal reliability and accuracy of TVA
measures based on bootstrap statistics enabling experimenters to calculate
themeasurement error related to each attentionparameter estimatedwithin
a single testing session (Habekost and Bundesen, 2003; Finke et al., 2005;
Habekost and Rostrup, 2006). Earlier work has also provided strong evi-
dence of the test–retest reliability of TVA-based measures (Habekost et al.,
2014). In the current study,weused the “CombiTVA”paradigmdesigned as
a combination of the two classical experimental approaches, whole report
and partial report, allowing full assessment of distinct facets of visual atten-
tion within a single task (Vangkilde et al., 2011).
At the beginning of the testing session, all participants were seated in a
semidark room60 cm from the ViewSonic 23 inch LEDmonitor (set at
100 Hz frequency). The CombiTVA paradigm (Vangkilde et al., 2011)
was presented using E-prime 2 Professional software (Psychology Soft-
ware Tools). The entire CombiTVA paradigm took 45 min to complete
and was divided into nine experimental blocks, each consisting of 36
trials, which followed 24 practice trials. All trials shared the same basic
design as illustrated in Figure 1. The initial screen, with a red fixation
cross presented in the middle of a black field, was followed by a 100 ms
blank screen, followed by a variable letter stimulus display (see below)
presented around an imaginary circle (r  7.5° of visual angle) with six
possible stimulus locations. The stimulus display was followed by amask
presented for 500 ms (made from red and blue letter fragments com-
pletely covering the six stimulus locations) and finally by a black screen
indicating that the participants should respond by typing in the letters
that they had seen. The response time was unlimited. The whole report
trials used red target letters with either two items presented for 80 ms or
six items presented for one of six stimulus durations: 10, 20, 50, 80, 140,
or 200 ms. The partial report trials consisted of two red target letters and
four blue distractor letters presented for 80ms. All trials were intermixed
and featured as stimuli different letters randomly chosen from a set of 20
capital letters (ABDEFGHJKLMNOPRSTVXZ) with font size corre-
sponding to 2.7° 2.3° of visual angle.
Before testing, all participants were told that the speed of their re-
sponse was irrelevant and they should report all the red letters they were
Table 1. Participants’ demographic data
Participant Age (yr) Gender Handednessa Participant Age (yr) Gender Handednessa
P01 32 F 100 P25 28 F 73
P02 21 F 100 P26 28 M 88
P03 20 M 87 P27 32 F 20
P04 33 F 71 P28 20 F 90
P05 36 M 100 P29 22 M 100
P06 26 F 100 P30 24 F 82
P07 25 M 20 P31 28 F 100
P08 28 F 70 P32 24 M 37
P09 32 F 0 P33 29 M 81
P10 33 F 73 P34 26 M 53
P11 34 M 30 P35 22 M 30
P12 36 M 100 P36 23 F 100
P13 30 F 100 P37 21 M 100
P14 24 F 0 P38 33 F 88
P15 24 F 85 P39 22 F 100
P16 32 F 90 P40 21 F 33
P17 32 F 78 P41 28 F 90
P18 27 F 100 P42 32 M 88
P19 20 M 100 P43 24 M 46
P20 28 M 90 P44 22 M 30
P21 20 F 73 P45 24 F 100
P22 36 F 67 P46 36 F 50
P23 21 F 76 P47 21 M 0
P24 24 F 73
aEdinburgh Handedness Inventory (Oldfield, 1971).
F, female; M, male.
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“fairly certain” of having seen and to refrain from pure guessing. Partic-
ipantswere told that the accuracy of their reports (based only on reported
but not missed letters) would be given after each block. Although we
encouraged participants to report as many red letters as possible, we also
asked then to keep their reports within an accuracy range of 80%–90%
correct. As the behavioral output from each participant, we recorded the
number of correctly reported target letters on each trial, and this output
was entered into the analysis as the main dependent variable.
Estimation of TVA parameters. We used a previously developed maxi-
mum likelihood fitting procedure to model performance of all partici-
pants based on the TVA framework (for full details, see Kyllingsbaek,
2006; Dyrholm et al., 2011). Briefly, the maximum likelihood fitting
procedure assessed attentional abilities in terms of five parameters: (1)
visual short-termmemory (VSTM) capacity measured by the number of
reported letters (parameter K; K was assumed to vary on a trial-by-trial
basis); (2) the speed of visual information processing (parameter C),
measured in terms of the number of letters processed per second; (3) the
minimum exposure duration for conscious perception (parameter t0),
defined as the longest ineffective exposure duration of the letter display
andmeasured in seconds; (4) top-down controlled selection (attentional
weight of distractors as opposed to targets; parameter ), calculated as
the ratio between the attentional weight of distractors and the attentional
weight of targets;  values close to 0 indicate efficient selection of targets
over distractors, values close to 1 indicate no prioritizing of targets com-
pared with distracters, and values 1 indicate that distractors were se-
lected more than targets; in this definition, top-down controlled
selection is based onnonspatial properties of the stimuli (e.g., their color)
and so should be distinguished from top-down spatial selection; and (5)
the laterality index (index), indicating differential attentional weighting
between elements in the left versus the right visual field (i.e., ameasure of
spatial bias calculated from the ratio between the sum of attentional
weights assigned to elements in the left hemifield and the sum of atten-
tional weights across the entire visual field; a value of 0.5 indicates unbi-
ased spatial weighting of attention, values0.5 indicate a rightward bias,
and values0.5 indicate a leftward bias). Figure 2 illustrates the relation-
ship between the raw data and the five param-
eters calculated using the methods described
above.
We also applied amore complexmodel with
different attentional weights for each of the six
letter locations; as parameter estimates were
very similar across bothmodels, the firstmodel
with the fewest degrees of freedom was
preferred.
MRI data acquisition. Diffusion-weighted
scans were acquired at the Oxford Centre for
Functional Magnetic Resonance Imaging of
the Brain (FMRIB) using a 3T Verio scanner
with a 32-channel head coil (Siemens).
Diffusion-weighted data were acquired using
EPI and a generalized autocalibrating partially
parallel acquisition sequence with a voxel size
of 2 2 2 mm3 and the following parame-
ters: TR 9600 ms and TE 87 ms. The dif-
fusion weighting was isotropically distributed
along the 60 directions (b 1500 s/mm2) plus
4 volumes were acquired without diffusion
weighting. To improve the signal-to-noise ra-
tio and to minimize geometric distortion
resulting from EPI acquisition, for each
participant two sets of whole-brain diffusion-
weighted data were acquired with the dual-
echo blip-reversed sequence. As a result, the
two sets of images had phase-encoded direc-
tion reversed (“blip-up” and “blip-down”) and
thus had geometric distortions of equalmagni-
tude but going in the opposite direction, en-
abling us to calculate a corrected image (Chang
and Fitzpatrick, 1992; Andersson et al., 2003).
Diffusion-weighted images were preprocessed
for distortion correction as in Sotiropoulos et al. (2013) using the latest
FSL tools (FMRIBCentre Software Library, OxfordUniversity) (Smith et
al., 2004). Briefly, pairs of phase-reversed images were used to correct for
susceptibility-induced distortions (Andersson et al., 2003) using the FSL
TOPUP tool. Eddy currents and subject motion were corrected using a
generative model approach (Sotiropoulos et al., 2013) using the FSL
EDDY tool.
Spherical deconvolution and tractography. Frontoparietal pathways are
located within a complex WM architecture, with high WM density and
multiple crossing fibers fromnumerous neuronal pathways (Thiebaut de
Schotten et al., 2011). Therefore, we used a spherical deconvolution ap-
proach based on modeling the diffusion signal as a distribution of mul-
tiple fiber orientations as it allows quantification ofWMproperties in the
regions of crossing fibers and thus overcomes some of the limitations of
more traditional tractography methods (Dell’Acqua et al., 2013). We
applied a spherical deconvolution approach based on the damped
Richardson-Lucy algorithm as implemented in the StarTrack software
(www.natbrainlab.com)with algorithmparameters chosen as previously
described (Dell’Acqua et al., 2010, 2013). Subsequently, we performed
whole-brain tractography with the StarTrack software with streamlines
propagated using an Euler integration with a step size of 0.5 mm and an
angular threshold of 45°. Finally, we performed virtual dissections of
frontoparietal pathways (SLF I, SLF II, SLF III, and IFOF) using TrackVis
(RuopengWang, Van J.Wedeen, TrackVis.org,Martinos Center for Bio-
medical Imaging, Massachusetts General Hospital). For the three
branches of the superior longitudinal fasciculus (SLF I, SLF II, SLF III), a
multiple ROIs approach was used as previously described (Thiebaut de
Schotten et al., 2011). Four (‘AND’) ROIs were defined around the su-
perior, middle and inferior frontal gyri and posteriorly in the parietal
region within both hemispheres. A final (‘NOT’) ROI was defined in
temporal lobe of each hemisphere to exclude fibers of the arcuate fascic-
ulus (Fig. 3A). A two-ROI approach was used for the IFOF (Mori et al.,
2002; Catani and Thiebaut de Schotten, 2008). As the IFOF connects the
frontal and occipital lobes, within both the left and the right hemisphere,
Figure 1. CombiTVA paradigm: stimulus display conditions (whole report and partial report) and experimental design.
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first ROI was defined within the frontal cortex and the second ROI was
defined within the occipital cortex as illustrated in Figure 3B.
Following virtual dissection of the frontoparietal pathways, we ex-
tracted for each tract the hindrance-modulated orientational anisotropy
(HMOA), an index characterizing WM diffusion properties and thus
reflecting WM organization and microstructure (Dell’Acqua et al.,
2013). We also calculated volume for each tract based on the number of
voxels intersected by the streamlines of each tract as such measure de-
Figure2. Therawdataplotsfromthreerepresentativeparticipantsillustratingtherelationshipbetweentherawdataandthefivecalculatedparameters.A,Wholereportdatawhen6targetsarepresentedatthedifferent
exposureduration.Inadditiontotheplottedrawscores/observations(blacktriangles),thescorespredictedbytheTVAmodelareplotted(solidblackline)toindicatethatthemodelisagoodfittothedataandtoillustratehow
K,C,andt0parametersarerelatedtothesescores.B,Thedatawhen2targetsarepresentedwithandwithoutdistractors(2T4D2targetsand4distractors;2T0D2targetsand0distractors).Thedifferencebetweenboth
conditions relates toparameter.C, Averagenumber of correctly reported letters in the left and right visual field (averagedacross all conditions in the experiment). Thedifferencebetweenboth conditionsmeasures the
lateralityindex(index).TofurtherassesstherelationshipbetweenrawdataandthecalculatedTVAparameters,weperformedcorrelationanalyses,whichshowedoverallgoodcorrespondencebetweentherawandcalculated
measures. Forexample: (1) the rawscores for thewhole report:6 target letter condition(measuringthenumberof reported lettersat the longestexposureduration, i.e.,200ms)werestronglycorrelatedwithTVA-basedK
parameter (r0.91); (2) thedifference in the rawscoresbetweenthenumberof correctly reported lettersat10and80mswasstrongly correlatedwithTVA-basedparameterC (r0.85); (3)basedonthe rawscores for
conditions 2T0Dand2T4D (2T4D2 targets and4distractors; 2T0D2 targets and0distractors),we calculated an attentional selection index 2T0D/(2T0D	2T4D),whichwas strongly correlatedwith TVA-based
parameter(r0.88);and(4)basedontherawscoresfortheleftandrightvisualfields,wecalculatedthefollowingLI left/(left	right),whichwasstronglycorrelatedwiththeTVA-basedlaterality index(index; r0.99).
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notes the space occupied by the reconstructed pathway. As tractography
was performed in the native space, to control for variability in brain/
hemisphere size, which could affect the volume of the reconstructed
tracts (larger brain larger tract), for each participantwe normalized the
tract volume by the hemisphere WM volume (tract volume/hemisphere
WMvolume). TheHMOA index and normalized tract volumewere then
used in the statistical analysis. In addition,we calculated the lateralization
index (LI) for all the reconstructed frontoparietal pathways, with nega-
tive values indicating a leftward asymmetry andpositive values indicating
a rightward asymmetry, according to the following formula: LI 
(right left)/(right	 left).
Statistical analyses. All statistical analyses were performed using
MATLAB 7.14/R2012a (The MathWorks). We first used the Lilliefors
test as implemented in MATLAB to verify the normal distribution of
the data. The Gaussian distribution was confirmed for all variables,
with the exception of parameter t0. Next, Pearson correlation analyses
were performed to examine the link between
structural variability within the frontoparie-
tal networks and individual differences in vi-
sual attention abilities as assessed by the TVA
(processing speed, VSTM capacity, atten-
tional weighting between left and right visual
field/spatial bias, minimum effective expo-
sure duration, top-down controlled selec-
tion). As the normal distribution was not
confirmed for the parameter t0, we have re-
peated correlation analyses between this vari-
able and all macrostructural andmicrostructural
measures for the frontoparietal pathways using
Spearman’s method. To correct for multiple
comparisons in the analysis correlating the TVA-
derived parameters with the measures of struc-
tural variability (HMOA,volume,LI),weapplied
FDR correction based on the Benjamini–Hoch-
berg FDR method as implemented in MATLAB
Bioinformatics toolbox (Benjamini and Hoch-
berg, 1995).Unless specifiedotherwise,we report
FDR corrected p values. One-sample t tests were
used to access lateralization of the frontoparietal
pathways. In addition, we also performed corre-
lation analyses between the raw data from the
CombiTVA task (Fig. 2) andmicrostructural and
macrostructural measures of structural variabil-
ity within the frontoparietal networks. The Lil-
liefors test, as implemented in MATLAB, was
used to verify the normal distribution of the raw
data.
Results
Behavioral data: attentional abilities
Using the mean number of correctly re-
ported letters per condition, estimates of
K, C, t0, , and index were calculated us-
ing a maximum likelihood fitting proce-
dure (Table 2). The estimates derived
from our data are in agreement with those
previously described for the correspond-
ing age groups (see, e.g., Espeseth et al., 2014). Subsequently, we
examined bivariate correlationsbetween thedifferentTVA-basedpa-
rameters.We founda strongpositive correlationbetweenK, theVSTM
capacity, and C, the speed of information processing (r  0.59;
p 0.00001, uncorrected; this finding is in agreementwith recent
report by Habekost et al. (2014), and a weaker negative correla-
tion between K and index, corresponding to the attentional spa-
tial bias (r  0.33; p  0.02, uncorrected). No other
correlations were significant (p 0.05).
Attentional abilities can be affected by age (Espeseth et al.,
2014), but in the group of our relatively young participants
(age range 20–36 years; Table 1), we found no correlation
between any of the estimated TVA parameters and age (Table
2). In the current study, we have not excluded participants
based on handedness; and according to the Edinburgh Hand-
edness Inventory (Oldfield, 1971), 6 participants were classi-
fied as left-handed, 31 were classified as right-handed, and 10
were classified as ambidextrous. There were no correlations
between the handedness measure and any of the TVA param-
eters in the examined group (Table 2). It should be noted,
however, that the null correlations potentially resulted from a
disproportionately large number of right-handed partici-
pants. Subsequently, we also compared the performance on
the TVA task between the right-handed participants and either
Figure 3. Location and delineation of ROIs used in spherical deconvolution tractography.A, For the three branches of the SLF (I,
II, and III), a multiple ROI approach was used (Thiebaut de Schotten et al., 2011). Frontal ROIs in the superior frontal gyrus (SFg),
middle frontal gyrus (MFg), and precentral gyrus (Prg) were used for reconstruction of SLF I, SLF II, and SLF III, respectively, in the
right and left hemisphere. These frontal ROIs were used in combinationwith a single parietal (Pa) ROI for all three branches of SLF
in both hemispheres. A final “not” ROI was defined in temporal (Te) lobe of each hemisphere, to exclude fibers of the arcuate
fasciculus. This “not” ROI was applied for the tractography of all three branches of SLF. B, For the IFOF connecting the frontal and
occipital lobes, we used two ROIs for both right and left hemispheres: one within frontal cortex (Fr) at the level where frontal and
temporal lobes are separatedand theother onewithinoccipital cortex (Oc) at the level of parieto-occipital sulcus (Mori et al., 2002).
Table 2. Estimated TVA parameters and descriptive statistics
Parameter
Mean (SD) of
estimated values
Correlation
with age
Correlation
with handedness
K 3.43 (0.62) r0.11; p 0.47 r 0.19; p 0.21
C 55.73 (18.68) r 0.04; p 0.79 r 0.18; p 0.22
t0 12.39 (7.67) r 0.24; p 0.10 r 0.26; p 0.09
 0.67 (0.31) r 0.20; p 0.99 r 0.04; p 0.79
index 0.48 (0.08) r 0.13; p 0.39 r 0.01; p 0.94
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left-handed participants or all other participants (left-handers
plus mixed-handers), and no significant differences were
found (p  0.5).
Neuroimaging data: structural variability as a predictor of
attentional abilities
To assess structural variability of the frontoparietal connections
within the attentional networks, we performed spherical decon-
volution tractography of SLF I, SLF II, SLF III, and IFOF (Fig. 4)
and then calculated HMOA index and volume for all four WM
tracts in both hemispheres. These measures were used: (1) to
examine structural lateralization within frontoparietal pathways
and (2) to assess whether structural variability within the fronto-
parietal networks mediates individual differences in the TVA-
derived parameters.
We first evaluated the lateralization of frontoparietal path-
ways based on HMOA and found that, based on this microstruc-
tural index, the SLF I and SLF III were symmetrically organized
(all p values  0.1), whereas SLF II and IFOF were right lateral-
ized (SLF II t(46)  4.62, p  0.000031; IFOF t(46)  2.81, p 
0.0071), although the observed hemispheric lateralization of
IFOF was relatively weaker (Fig. 5). We next compared a macro-
structural laterality index based on tract volumes. Using this in-
dex, we found that SLF III was strongly right lateralized (t(46) 
6.96, p 1.04 108), whereas SLF II and IFOF were symmet-
rically distributed between left and right hemispheres (SLF II t(46)
0.32, p 0.75; IFOF t(46) 1.32, p 0.19). Finally, we found
a weak trend for left lateralization of SLF I (t(46)  2.57, p 
0.034). Our data indicate differential hemispheric organization
of fiber tracts depending upon whether microstructural or mac-
rostructural indices are taken.
In the studied group, 6 participants were classified as left-
handed and 10were classified as ambidextrous, which potentially
makes the lateralization results harder to interpret. Therefore, we
reexamined lateralization of frontoparietal pathways while in-
cluding only right-handed participants. These repeated analyses
yielded alike results. Based on HMOA index, we found the SLF II
and IFOF to be right lateralized (SLF II t(30) 4.95, p 0.000026;
IFOF t(30)  2.28, p  0.03) and the SLF I and SLF III to be
symmetrically organized (p 0.1). Subsequently, using laterality
index calculated based on tract volume, we found SLF III to be
right lateralized (t(30) 5.27, p 0.00001), whereas other path-
ways were symmetrically organized (p 0.1).
Interestingly, we found no correlations between the lateraliza-
tion indices (calculated based on either tract volume or HMOA
index) of any the reconstructed frontoparietal pathways and ei-
ther the handedness measure or age in the examined group of
participants (all p values not significant, i.e., p 0.1). It should be
noted, however, that the null correlations with handedness po-
tentially resulted from a disproportionately large number of
right-handed participants. As our aim was to study individual
differences in visual attention and structural variability, we have
not preselected our participants to represent normal variation in
the human population (10% of left-handed individuals) (Wil-
lems et al., 2014). A recent study (Petit et al., 2015) provides
interesting evidence on the link between functional right hemi-
sphere dominance and handedness. Petit et al. (2015) showed
that, in a large group of 293 preselected participants (98 strongly
left-handed, 98 with mixed-handedness and 97 strongly right-
handed), functional right hemispheric dominance within the
ventral network occurred regardless of both hand preference and
eye preference. They also found that, regardless of eye preference,
left-handed participants showed a strong rightward asymmetry
in the dorsal network. This is particularly relevant as it has been
suggested by some, but contradicted by others, that left-handers
show left-hemisphere dominance for attention and right lan-
guage lateralization (Bryden et al., 1983; Flo¨el et al., 2005;White-
house and Bishop, 2009; Badzakova-Trajkov et al., 2010; Cai et
al., 2013). Although, in the current study we had a large number
of right-handed participants compared with left- and mixed-
Figure 4. Examples of spherical deconvolution tractography reconstruction of the frontoparietal pathways in three participants. Three branches of the SLF, I (light blue and red), II (dark blue and
yellow), and III (violet and green), and the IFOF (pink and purple) reconstructed within the right and the left hemispheres.
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handers, making comparison between the groups difficult, based
on the previous evidence, we conclude that the inclusion of left-
and mixed-handed participants benefitted rather than limited
the study.
We next asked whether structural variability within the fron-
toparietal networks mediates differences in visual attention abil-
ities by correlating TVA-based parameters and tractography
derived indices of microstructural variability (the HMOA) and
macrostructural variability (tract volume). Our data, as pre-
sented below, indicate that the microstructural and macrostruc-
tural organization of the frontoparietal pathways differentially
contributes to individual differences in attentional functions.
When we examined microstructural measures, we found that
individual differences in K (VSTM capacity) were linked to vari-
ability in the SLF II and SLF III as well as the IFOFwithin the right
hemisphere (Fig. 6A). Specifically, higher VSTM capacity corre-
sponded to a higher HMOAwithin the right SLF II (r 0.54, p
0.005, FDR corrected), the right SLF III (r 0.43, p 0.022, FDR
corrected), and the right IFOF (r  0.47, p  0.018, FDR cor-
rected). By contrast, the HMOA index within the three branches
of the SLF within the left hemisphere and the left IFOF was not
correlated with VSTM capacity (FDR corrected p values not sig-
nificant, i.e., p 0.1). VSTMcapacitywas also correlatedwith the
LI of SLF II and IFOF (SLF II, r 0.44, p 0.021, FDR corrected;
IFOF, r 0.46, p 0.018, FDR corrected; Fig. 6A). Similarly to
VSTM capacity, the higher speed of visual information process-
ing based on TVA-derived parameter C was associated with a
higher HMOA within the right SLF II and the right SLF III, al-
though these correlations were not as strong as in case of VSTM
capacity and have not survived corrections for multiple compar-
isons (r  0.29, p  0.046 uncorrected/p  0.22 FDR corrected
and r  0.29, p  0.047 uncorrected/p  0.22 FDR corrected).
The speed of visual information processing was also positively
correlated with hemispheric lateralization of the IFOF (r 0.38,
p  0.051, FDR corrected; Fig. 6B). All other correlations be-
tween microstructural properties of frontoparietal pathways and
parameter C were not significant (p values not significant, i.e.,
p 0.1).
In addition to the K and C parameters, TVA also assesses
attentional spatial bias quantified by index (i.e., the laterality
index of the relative balance between attentional weights in the
left versus right visual fields). Our analysis found index to be
negatively correlated with HMOA measure within the right SLF
II (r0.43, p 0.022 FDR corrected; Fig. 6C), thus indicating
that lower HMOA within the right SLF II corresponded to the
larger attentional weights assigned to elements in the left visual
hemifield. All other correlations between microstructural prop-
erties of frontoparietal pathways and index were not significant
(p values not significant, i.e., p 0.1).
Finally, none of the correlations between the microstructural
properties (HMOA index) of all four examined frontoparietal
pathways within the left and right hemispheres and the t0 param-
eter (i.e., the minimum exposure duration for conscious visual
detection) and the  parameter (i.e., top-down controlled selec-
tion) was statistically significant (p 0.1).
When we assessed correlations between TVA parameters and
themacrostructuralmeasures (fiber tract volume), we found that
the volume of the SLF II within the right hemisphere was posi-
tively correlated with the index (r  0.34, p  0.021 FDR cor-
rected), indicating that a larger volume of the right SLF II
corresponded to a greater leftward bias. There were no other
statistically significant (p 0.1) correlations between the volume
of any of the examined WM pathways within both hemispheres
and the TVA-derived parameters.
Similarly to the assessment of lateralization of frontoparietal
pathways, we also repeated correlation analyses between TVA-
based parameters and microstructural and macrostructural vari-
ability measures, while excluding left-handed and ambidextrous
participants. Again, we found results very similar to those based
on the entire group of participants (Table 3).
Figure 5. Hemispheric lateralization of the frontoparietal pathways. Mean HMOA index (SD) of (A) the IFOF and the three branches of superior longitudinal fasciculus: (B) SLF I, (C) SLF II, and
(D) SLF III in the left and right hemispheres. *p 0.01. **p 0.00005. Left, Left hemisphere; Right, right hemisphere.
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Finally, subsequent correlation analyses between the raw data
(Fig. 2) and microstructural and macrostructural measures of
structural variability within the frontoparietal networks showed
very similar results (Table 4) to the ones reported above indicat-
ing that our findings can be generalized. In the paper, we favor a
TVA-based analysis as the TVA model estimates are not only
reliable and stable (Habekost et al., 2014) but may also directly
interpreted within a reputed cognitive theory.
Discussion
One of the critical questions for cognitive neuroscience is how
variability in the structural and functional organization of the
human brain affects cognitive performance. Here we examined
whether structural variability within frontoparietal WM path-
ways mediates individual differences in visual attention mea-
sured using Bundesen’s TVA (Bundesen, 1990). Our data
indicate that the HMOA, indexing the microstructural organiza-
tion, and tract volume, indexingmacrostructural organization of
WM pathways, differentially contribute not only to the anatom-
ical lateralization of frontoparietal attentional networks but also
to individual differences in attention. Furthermore, we show that
individual differences in attentional functions, such as in VSTM
capacity, processing speed, and spatial bias, as assessed by the
TVA framework, link to variability in structural organization
within frontoparietal pathways (for evidence on the effects of
aging, see also Espeseth et al., 2014).
Lateralization of frontoparietal networks
In the normal population, there is a reliable leftward attentional
bias when performing many cognitive tasks, commonly attrib-
uted to right hemispheric dominance in spatial attention (Kins-
bourne, 1977; Mesulam, 1981). It has been suggested that the
preferential activation of the right hemisphere leads to leftward
attentional bias, but the functional lateralization is by no means
universal and does not apply to the entire frontoparietal atten-
tional networks (Doricchi et al., 2010; Shulman et al., 2010).
Interestingly, functional neuroimaging studies not only point to
hemispheric asymmetries in the representation of visual space in
VSTM and spatial attention, especially within the posterior pari-
etal cortex, but also indicate task-dependent and topographic
region-dependent properties of these asymmetries. For example,
it has been shown that some of the topographic areas within
posterior parietal cortex have a weaker contralateral bias in the
right hemisphere compared with the left (Sheremata et al., 2010;
Szczepanski and Kastner, 2013; Sheremata and Silver, 2015).
The anatomical foundations of the right hemisphere domi-
nance of attention are not fully understood. To date, only one
study has specifically investigated the structural basis of this dom-
Figure 6. Relationship between structural variability and individual differences in attentional abilities. A, Correlations between visual short-term memory capacity (parameter K) and HMOA
measureswithin the right frontoparietal pathways (SLF II and SLF III and IFOF) and the HMOA-derived SLF II and IFOF lateralization indices.B, Correlations between speed of information processing
(parameter C) and the HMOA-derived IFOF LI. C, Correlations between attentional spatial bias (index) and HMOAmeasures within the right SLF II.
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inance, focusing on lateralization of the superior longitudinal
fasciculus based on tract volumemeasures and showing that only
the ventral branch, SLF III, is right lateralized (Thiebaut de
Schotten et al., 2011). Here we extended these findings by exam-
ining structural lateralization within frontoparietal pathways
(SLF and IFOF) based on not only volume but also on theHMOA
index.Whereas tract volume reflects themacrostructural charac-
teristics of WM pathways, HMOA is influenced by microstruc-
tural properties, including myelination, axon density, axon
diameter, and fiber dispersion (Dell’Acqua et al., 2013). In agree-
ment with previous reports (Thiebaut de Schotten et al., 2011),
we too found that the ventral branch of the SLF, SLF III, was right
lateralized based onmeasures of tract volume.However, based on
the HMOA index, we found a different pattern of lateralization
within frontoparietal pathways, with SLF II and IFOF being right
lateralized. This discrepancy between lateralization indices
within the frontoparietal pathways based onmicrostructural and
macrostructural measures is not entirely surprising taking into
account thatHMOAand tract volume reflect very different prop-
erties of WM pathways. Whereas HMOA represents a surrogate
of tissue density (tissuemicrostructure) (Dell’Acqua et al., 2013),
the track volume, which is calculated as the number of voxels
intersected by the reconstructed streamlines, denotes the space
occupied by the tract (macrostructure) and its relationship to
axonal number, axonal diameter, and density has yet to be estab-
lished (Beaulieu, 2002). The findings that HMOA and tract vol-
ume differentially contribute to the anatomical lateralization of
frontoparietal attentional networks are in agreement with previ-
ous studies showing that the asymmetry of WM pathways varies
across different measures derived from diffusionMRI (De Santis
et al., 2014). A remaining question, which cannot be answered by
the current study, is whether variability inWM organization and
in structural lateralization is reflected in individual differences in
functional connectivity and/or preferential right hemisphere ac-
tivation during visuospatial attention tasks.
The macrostructural lateralization within SLF III, intercon-
necting the ventral network, fits well with functional neuroimag-
ing studies reporting asymmetrical activation of cortical loci
within the right ventral attention network during tasks requiring
stimulus-driven shifts of attention and target detection (Corbetta
and Shulman, 2002; Shulman et al., 2010). But while right hemi-
sphere dominance has been reported only within the ventral net-
work, by contrast, it has been shown consistently that the dorsal
not ventral network controls the allocation of attention to a
particular location in space. To account for these “functional
discrepancies” between dorsal and ventral regions, Corbetta
and Shulman (2011) suggested that spatial biases in visual
attention result from direct interactions between dorsal and
ventral regions. Thus, our findings indicating right micro-
structural lateralization of SLF II, which interconnects the
dorsal and ventral networks (Makris et al., 2005; Schmahmann
and Pandya, 2006; Thiebaut de Schotten et al., 2011), are in
line with this proposal.
Thiebaut de Schotten et al. (2011) also reported individual
variability in the structural organization of attention networks,
showing, for example, striking variation in SLF II lateralization
with some individuals having larger volume of SLF II within the
right hemisphere and some within the left hemisphere. Similarly,
we found striking individual variability in lateralization within
frontoparietal pathways (Fig. 6), with some individuals having
larger volume and/or HMOA index within the right and some
within the left hemisphere.
Structural variability mediates individual differences
in attention
Thiebaut de Schotten et al. (2011) provided a first demonstration
that variation in tract volumewithin SLF II predicts spatial biases.
Here we substantially extended these earlier findings by combin-
ing the evaluation of microstructure and macrostructure indices
of frontoparietal attention pathways with quantitative analysis of
the different facets of attention according to the TVA framework
(Bundesen, 1990). TVA assumes that visual processing starts
with parallel matching of stimuli to representations in visual
long-term memory. This first matching stage is followed by a
race (competition) between representations of the elements
Table 3. Results of the correlationanalyses between theTVA-basedparameters and
microstructural andmacrostructuralmeasures of structural variabilitywithin the
frontoparietal networks in thegroupofonly right-handedparticipants (n31)a
TVA parameters Significant correlations
Parameter K (VSTM capacity) r 0.60; p 0.005, FDR
corrected (HMOA right SLF II)
r 0.51; p 0.017, FDR
corrected (HMOA right SLF III)
r 0.47; p 0.025, FDR
corrected (HMOA right IFOF)
r 0.48; p 0.025, FDR
corrected (HMOA lateralization SLF II)
r 0.52; p 0.017, FDR
corrected (HMOA lateralization IFOF)
Parameter C (speed of information processing) r 0.43; p 0.025, FDR
corrected (HMOA lateralization IFOF)
index (spatial bias) r0.42; p 0.043, FDR
corrected (HMOA right SLF II)
r 0.41; p 0.046, FDR
corrected (volume right SLF II)
aAll other correlations between microstructural and macrostructural properties of frontoparietal pathways and
TVA-based parameters were not significant ( p values not significant i.e. p 0.1).
Table 4. Results of the correlation analyses between the raw data (Figure 2) and
microstructural andmacrostructural measures of structural variability within the
frontoparietal networks
Raw data measure Significant correlations
Whole report: 6 letter condition
(no. of reported letters)a
r 0.48; p 0.003, FDR
corrected (HMOA right SLF II)
r 0.43; p 0.006, FDR
corrected (HMOA right SLF III)
r 0.30; p 0.05, FDR
corrected (HMOA right IFOF)
r 0.40; p 0.01, FDR
corrected (HMOA lateralization SLF II)
r 0.35; p 0.02, FDR
corrected (HMOA lateralization IFOF)
Difference between the no. of correctly
reported letters at 10 and 80 msb
r 0.47; p 0.003, FDR
corrected (HMOA lateralization SLF II)
r 0.42; p 0.005, FDR
corrected (HMOA lateralization IFOF)
Spatial biasc r 0.32; p 0.03, FDR
corrected (volume right SLF II)
r0.38; p 0.01, FDR
corrected (HMOA right SLF II)
aThe raw scores for the whole report: 6 target letter condition (measuring the no. of reported letters at the longest
exposure duration, i.e., 200 ms) corresponding to TVA parameter K.
bThe difference in the raw scores between the no. of correctly reported letters at 10 and 80ms corresponding to TVA
parameter C.
cSpatial bias based on the raw data lateralization index left/(left	 right) calculated based on the raw scores for
the left and right visual fields, corresponding to the TVA-based laterality index (index).
Only significant correlations are reported.
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for entry into VSTM. The efficiency of the match and race
processes can be characterized through parameters reflecting
attentional weighting between the left and right visual field
(spatial bias), the minimum effective exposure duration, the
top-down controlled selection, the speed of processing, and
VSTM capacity (Bundesen, 1998).
In agreement with Thiebaut de Schotten et al. (2011), we
found that lateralization of SLF II volume correlated with spatial
bias: a larger SLF II volume within the right hemisphere corre-
sponded to a larger assignment of attentional weight to elements
in the left visual hemifield. Strikingly, we found no other corre-
lations between the volume of frontoparietal pathways and any
measure of TVA-derived attentional abilities. In contrast, we
demonstrated strong links betweenmicrostructural properties of
frontoparietal pathways and individual differences in attentional
functions, VSTM capacity, processing speed, and spatial bias.
Specifically, a higher HMOA within the right SLF II, SLF III, and
IFOF was associated with higher VSTM capacity. Although func-
tional neuroimaging studies (e.g., Gillebert et al., 2012) found
that activity within intraparietal sulcus (dorsal network) corre-
lated with VSTM capacity, these findings show that communica-
tion between the dorsal and ventral networks via interconnecting
tracts might be a contributing factor. We also found positive
correlations between VSTM capacity and the LI of SLF II and the
IFOF, as well as between lateralization of the IFOF and speed of
information processing.However, spatial biases in attentionwere
negatively correlated with the HMOA within the right SLF II,
indicating that lower HMOA within the right SLF II corre-
sponded to the larger attentional weights assigned to elements in
the left visual hemifield. Although these opposite correlations
found for VSTM capacity and spatial bias seem somewhat sur-
prising, our behavioral data indicated aweak negative correlation
between K and index. It is also imperative to note that HMOA is
estimated based on several WM characteristics, including myeli-
nation, axon density, axon diameter, and fiber dispersion
(Dell’Acqua et al., 2013) and within each voxel these factors may
differentially contribute toHMOA.Currently, it is not possible to
separate these properties and hence to interpret differences in
HMOA in linear fashion, for example, that higher HMOA is
equivalent to higher connectivity (Beaulieu, 2002; Jones et al.,
2013; Dell’Acqua et al., 2013). Nevertheless, as HMOA is specific
to the direction followed by tractography, this index measures
how much water is diffusing in the tractography reconstruction
direction independently of other directions. Subsequently, it has
been shown that HMOA decreases with increasing radial diffu-
sivity and the axonal radius; thus, it is likely that increasedmyeli-
nation decreases HMOA (Tournier et al., 2004; Dell’Acqua et al.,
2013). Moreover, we would like to point out that other investi-
gators have previously reported different directions of correla-
tions (positive vs negative) betweenmicrostructural properties of
WM pathways and individual differences in cognitive abilities
(Tuch et al., 2005; Roberts et al., 2010). Therefore, while we can
argue that individual differences in attentional functions link to
variability in structural organization within frontoparietal path-
ways, we should be cautious in inferring about directional
changes in connectivity and microstructural properties contrib-
uting to the observed cognitive disparities. Nevertheless, we note
that the links between right hemisphere lateralization in process-
ing speed and VSTM capacity fit with arguments that these non-
spatial factors can be selectively disrupted by right hemisphere
damage in patients with neglect (Malhotra et al., 2005) and si-
multanagnosia (Chechlacz et al., 2012). The present results point
to the neural lateralization of nonspatial as well as spatial aspects
of visual attention. Furthermore, our findings indicating a strong
association between individual differences in VSTM capacity and
structural (anatomical) lateralization within frontoparietal net-
works agree with extensive evidence that functional hemispheric
asymmetries within posterior parietal cortex are linked to later-
ality bias in VSTM (Sheremata et al., 2010; Somers and Shere-
mata, 2013; Sheremata and Silver, 2015).
In conclusion, individual differences in the weighting of spa-
tial attention in the left and right visual fields are associated with
variability within the right SLF II interconnecting the dorsal and
ventral networks are consistent with the proposal by Corbetta
and Shulman (2011) that spatial biases result from direct inter-
actions between dorsal and ventral regions. These findings are
also in agreement with direct evidence linking pathological right-
ward bias in neglect patients with damage to the right SLF II
(Thiebaut de Schotten et al., 2014). In contrast to spatial bias, we
show that differences in VSTM capacity are linked to structural
variability within SLF III, interconnecting cortical loci within the
ventral attentional network and both VSTM capacity and speed
of information processing (both “nonspatial” aspects of visual
attention) are linked to variability in hemispheric lateralization
within IFOF and SLF II, two pathways interconnecting the dorsal
and ventral networks (Petrides and Pandya, 1984, 1988, 2002;
Makris et al., 2005; Petrides and Pandya, 2006; Schmahmann and
Pandya, 2006; Thiebaut de Schotten et al., 2011). These later
findings support a notion of interactive neural substrates sup-
porting the integration of spatial and nonspatial cognitive mech-
anisms of attention. Specifically, we propose that spatial
asymmetries (spatial biases) are modulated by nonspatial facets
of attention as a result of network interactions within the right
hemisphere. Thus, microstructural lateralization within IFOF
and SLF II, two pathways interconnecting the dorsal and ventral
networks, might provide the basis for right hemisphere advan-
tages in terms of attentional capacity and speed of information
processing.
It is plausible that the lack of correlations between structural
variability within frontoparietal pathways and other visual atten-
tion parameters derived from TVA (the minimum exposure du-
ration for conscious visual perception and the top-down
controlled selection) is due to the fact that our analysis lacked
power because of insufficient overall behavioral variability in the
participants or the task not being sensitive enough to detect suf-
ficient behavioral variability. This awaits further research. Also,
in the current study, we have not excluded participants based on
handedness, and we had a large number of right-handers com-
pared with left- and mixed-handers as expected based on typical
population distribution (Willems et al., 2014). Such inclusion
criteria not only limit any direct comparisons between partici-
pants with different handedness but also mean that interpreta-
tion of lateralization results, especially generalization to different
populations, should be made with caution.
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